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Abstract 
 
Ten to fifteen percent of couples experience infertility [1], which for many can be a life 
crisis [2, 3]. Defects in ovulation and spermatogenesis, as well as unexplained 
causes, account for the major component of impaired fertile aetiologies [1]. Two main 
factors contribute to these disorders, the age of the woman and reproductive 
capacity. The current study aimed to understand how hypothalamic-pituitary-gonadal 
(HPG) axis regulates the pituitary hormone (luteinizing hormone, LH) and ovarian 
follicle development during prepubertal, pubertal and adulthood in male and female 
mice.  
 
The onset of puberty and sexual function are mainly triggered by the activation of 
HPG axis, which produces pulsatile gonadotropin (LH and FSH) release during 
secondary sexual development, and regulates gonadal steroid hormone (estradiol 
and testosterone) synthesis [4-15]. Hormonal indicators can be used as tools for 
detecting early pubertal onset in mammals, but there are limited studies on the 
hormonal profile changes that occur during the pubertal transitions from prepuberty to 
early-adulthood in males and females [16, 17]. The mouse, a powerful model often 
used to elucidate the genetic basis of human physiology and pathophysiology [18], 
remains highly challenging to study functionally in the context of hormonal release. 
This is particularly true for LH release, owing to an inability to accurately detect 
pulsatile LH release in the ultra-small blood fractions available in mice. Quantitative 
measures of pulsatile LH in pre-pubertal and post-pubertal female and male mice 
therefore do not exist. As patterns of LH release are more pulsatile compared to 
FSH, we aimed to examine the pulsatile LH secretion during the transition of puberty 
in both male and female mice in this project. Dynamic changes in LH release that 
occur with age and reproductive cycle will provide vital information that predicts 
optimal reproductive capacity.  
 
The current project described the generation of an ultra sensitive mouse LH enzyme-
linked immunosorbent assay (ELISA) capable of reliably detecting LH to 0.117 ng/mL 
in a 2-µL fraction of mouse whole blood. Male C57BL/6J mice were used to quantify 
the pulsatile LH secretion profile during the transition from prepuberty to adulthood. 
This method has been validated using terminal male mouse plasma and whole blood 
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samples collected using an established frequent blood procedure [19]. Data 
demonstrated the peak of episodic LH release rarely exceeded 3 ng/mL in both 4 
weeks and 16 weeks of age in wild-type C57BL/6J male mice [20]. Mice with an 
absence or disruption to the kisspeptin receptor (Gpr54/Kiss1r) [21-25] and 
Kisspeptin 1 (Kiss1) [26] genes do not undergo normal pubertal development and 
result in impaired fertility in both sexes. Mutations in GPR54 in humans results in 
absent LH secretion [25, 27, 28]. We validated this LH assay by undertaking high-
resolution serial blood sampling to determine levels of pulsatile LH secretion in 32-
week-old male kisspeptin receptor (Gpr54) knockout mice.  Observations confirm the 
absence of pulsatile LH release in Gpr54 knockout mice and the progressive rise in 
LH secretion throughout pubertal transitions in male mice. In addition, we observed a 
decrease in the clearance (increased half-life) and a decrease in the regularity 
(approximate entropy) of LH release. In summary, we conclude that this methodology 
provides a critical opportunity for the repeat sampling of pulsatile LH secretion in 
mice.  
 
In contrast to men, elevated level of LH results in misscarriage and impaired fertility 
in women [4]. For example, polycystic ovarian syndrome (PCOS) [4], also called 
hyperandrogenic anovulation (HA), is characterized by elevated LH to FSH ratios, 
androgen to estrogen ratios and cystic ovaries [4]. A comprehensive understanding 
of the female reproductive system and the relation to male reproductive function will 
uncover the relative the cooperation or conflicts in both sexes. In this project, we 
monitored pulsatile LH release in 5-week-old and 10-week-old female mice relative to 
reproductive cycle. Comparative measures of pulsatile LH secretion were collected 
from the first ovulatory cycle (5-week-old) to that seen in adult mice (10-week-old). A 
significant change in the pattern of LH release across to the estrous cycle, 
characterized by an increase in pulse number and irregularity, were observed. This 
coincided with a gradual rise in total and pulsatile LH release from estrus to diestrus. 
Altered pulse dynamics was matched with a decrease in the mass of LH secreted per 
burst. Pulse dynamics between the first and adult ovulatory cycles was well 
conserved and defined by a rise in pulse number and irregularity at diestrus only. 
While the onset of the preovulatory LH surge occurred earlier in 5-week-old mice, the 
amplitude of this was conserved compared to older mice. Ovarian histology 
demonstrates a marked rise in the number of secondary, early antral and 
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preovulatory follicles during metestrus, diestrus and proestrus in mature adult mice. 
Growing and regressing corpora lutea were observed only in adult female mice. 
Ongoing studies are assessing the functional implications of altered LH release 
during matured diestrus, and the potential for altered LH release to modulate 
enhanced reproductive capacity, and in particular, ovarian function.   
 
In conclusion, a systematic examination of pulsatile LH secretion in both female and 
male mice from early pubertal onset to late adulthood has been provided. Both 
genders show progressive increases in LH secretion in the transition from 
prepubertal to early adulthood, coincident with reproductive performance. In addition, 
observations strongly suggested that the refinement of pulsatile LH secretion is 
coordinated with the follicle recruitment during female estrous cycle in mice. 
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CHAPTER ONE: LITERATURE REVIEW, AIMS AND HYPOTHESIS 
1. Introduction 
1.1   Hypothalamic-pituitary-gonadal (HPG) axis  
The HPG axis is shown with hypothalamic-releasing factor neurons of the 
hypothalamus to the anterior pituitary gland via the hypophyseal portal system 
communicates signals from the central nervous system (CNS) hypothalamus, the 
anterior pituitary and the gonads (Figure 1). The portal system transport and exchange 
the hormones, which allow a fast communication between two glands. Gonadotrophin 
releasing hormone (GnRH) is released near the median eminence from hypothalamic 
nuclei are transported to anterior pituitary. The superior hypophyseal arteries from the 
primary capillary plexus supplies blood to the median eminence. From there, the 
peptides are transported to the anterior pituitary via hypophyseal portal veins to the 
secondary plexus. The secondary plexus is a network of fenestrated sinusoid 
capillaries that provide blood to the anterior pituitary. The cells of the anterior pituitary 
express specific G protein-couples receptors that bind to the neuropeptides and 
activate intracellular second messenger cascades that produce the release of anterior 
pituitary hormones. From there, anterior pituitary produces two types of hormones in 
repsonse, luteinizing hormone (LH) and follicular stimulating hormone (FSH) [29]. Both 
LH and FSH are decapeptides exert their effects on the ovaries and testes, which 
activates the gonadal steroidogenesis and gametogenesis. Steroid hormones in the 
circulation act upon peripheral targets and also feedback upon steroid folliculogenesis 
and steroid and peptidergic hormone secretion from the ovaries and gonads [34, 35]. 
The gonadotrophic hormones act on the gonads to stimulate sexual maturation and 
gametogenesis (spermatogenesis in males and oogenesis in females) [36].   
In male reproductive system, LH binds to specific, high-affinity receptors (LH-R), is the 
primary controller of testosterone secretion by the leydig cells in the testes [37]. The 
binding of LH to its receptor results in activation of adenylate cyclase (AC) mediated by 
a cyclic adenosine monophosphate (cAMP) dependent mechanism and induces the 
production of testosterone [37, 38] by converting it from cholesterol and pregnenolone 
[39, 40]. Testosterone further diffuses into the seminiferous tubules [41, 42] for the 
maintenance of spermatogenesis and binds to an androgen-binding protein (ABP), 
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which carries testosterone in the testicular fluid where it maintains the activity of the 
accessory sex glands [43]. The sertoli cells play a pivotal role in the control of local 
androgen actions in adult testes [44, 45]. On the surface of sertoli cells, within the 
seminiferous tubules, FSH binds to the FSH receptor to activate AC, increase cAMP 
levels, and stimulate a variety of sertoli cell functions [46-49]. The synthesis and 
secretion of ABP is regulated by FSH, oestrogen and other factors [50-52], and is 
involved in the transfer of nutrients to germ cells and spermatocyte maturation [53, 54]. 
Testosterone can be bound to both albumin and sex hormone-binding globulin 
(SHBG). The free and albumin-bound forms of testosterone are the most active form, 
while testosterone bound to SHBG is the least active form. Testosterone levels begin 
to decline after aging, a number of related physiological changes in men can be noted, 
which including decreasing muscle mass, increasing body fat, reduced physical 
energy, loss of bone density, elevated level of cholesterol. The average human male 
starts their aging after age of forty and rapid degeneration after age of fifty.  
In female reproductive system, FSH is critical for ovarian folliculogenesis [55, 56] and 
controls antral follicle development, and in the cooperation with LH, stimulates 
preovulatory follicular growth [55-57]. In mammalian ovaries, oocytes surrounded by 
granulosa cells and outer layers of thecal cells form the complex known as the follicle-
enclosed oocyte. Subsequently, growth and differentiation of ovarian oocyte and 
somatic cells are induced within the follicle. The follicles develop through primordial, 
primary, and secondary stages before reaching to the antral stage [58-62]. At the 
antral stage, most follicles undergo atretic degeneration, also known as atresia, 
whereas a few of them, under the cyclic gonadotropin stimulation that occurs after 
puberty, reach the preovulatory stage [58, 59]. In the response to preovulatory 
gonadotropin surges, the release of the mature oocyte for fertilization results in the 
remaining theca and granulosa cells undergoing transformation to become the corpus 
luteum [63]. Follicle recruitment is a continuous, selective process, which induces the 
pool of quiescent follicles to mature and ovulate during the human menstrual cycle [64-
66].   
A gonadotropins independent mechanism is appeared during the initiation of follicle 
growth and exhaustion of the pool resting primordial follicles [67]. During the early 
preantral follicle development, FSH is an absolute requirement for development to 
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large antral preovulatory follicles, and FSH receptors are detected on granulosa cells 
[68-70]. Due to the demise of corpus luteum and suppress of estrogen production [71], 
FSH levels rise at the end of luteal-follicular phase during the human menstrual cycle 
[72]. In humans, only one follicle from the cohort is selected to gain dominance and 
ovulate each menstrual cycle. FSH levels decline after the follicles in the remaining 
cohort enter antresia [73, 74]. LH receptors are found on the theca interna cells early in 
the folliclular development [69]. Theca cell differentiation and early preantral follicle 
growth are modulated by LH activity in rats [75, 76]. Elevated mRNA levels for LH 
receptors on granulosa cells were observed as follicles mature [77]. LH stimulates 
androgen from theca interna cells to be transformed into oestrogen since fetal life [78].   
 
There have been limited studies investigating the synergy between LH activity and 
folliculogenesis in mammalian. Due to its short reproductive cycle and fast 
reproduction rate, the mouse has traditionally been a powerful force and popular model 
organism used for elucidating the genetic basis of human physiology [18]. Despite our 
greater understanding of pubertal development [79], folliculogenesis [80] and their 
hormonal association in different mammalian species [81-83], the technical 
assessment of pulsatile LH secretion in mice has been limited due to the low blood 
volume in mice [84]. Herein, our study first designed and optimized a novel 
methodology, which can accurately assess LH concentrations in ultra small volumes 
(2-4 µl) of mouse blood, allowing for the first time the study of pulsatile LH release in 
the mouse model. Then we reviewed the physiological concepts related to LH activity 
during the pubertal transitions in male mice and at the first and mature ovulatory cycle 
in female mice, respectively. 
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Figure 1. Gonadotropin releasing hormone (GnRH) is synthesized in the hypothalamus 
and is released in a pulsatile fashion into the hypophyseal-portal blood system, which 
connects the central nervous system (CNS) including the hypothalamus and the 
pituitary. On the hypothalamus level, several neurotransmitters such as norepinephrine, 
dopamine, and endorphins contribute to the regulation of the GnRH production and 
release. GnRH regulates and synthesis two pituitary hormones (gonadotropins), which 
are luteinizing hormone (LH) and follicle-stimulating hormone (FSH). In male 
reproductive axis, LH and FSH act on the testes to stimulate the secretion of 
testosterone and to regulate production of sperm. The male reproductive homoestat 
axis connects the hypothalamus, pituitary, testes and the end organs adrenal galnd, 
where testicular steroids such as dehydroepiandrosterone (DHEA), corticosteroid, 
proegnenolone, androstenedione are produced. Testosterone exerts its effects directly 
on the testosterone receptors in sertoli cells, or it may be converted to two active 
metabolites -dihydrotestosterone (DHT) or estradiol (E2). The enzyme 5-alpha-
reductase is essential for the conversion of testosterone to DHT, and aromatase is the 
enzyme, which converts testosterone to estrogen. Pregnenolone is the precursor of 
DHEA, appears decline as rapidly as DHEA. Pregnenolone is best used for alleviating 
depression, improving mood and enhance cognitive performance. It also has 
corticosteroid-like anti-inflammatory effects. 
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1.2 Luteinizing hormone (LH) 
 
LH, a heterodimeric glycoprotein (molecular mass, 30-40 kDa), is composed of a 
conserved alpha (LHα) and a hormone-specific beta subunit (LHβ) [85]. The mature 
LHα protein consists of ninety-two amino acid residues and is encoded by a single 
gene, comprising four exons, which is localized on chromosome 6q12.21 [86]. LHα 
contains ten cysteines, which are involved in intrasubunit disulfide linkages and two N-
linked glycosylation sites.  The human β-subunit genes are located on chromosome 
19q13.32 [87] of the LH/hCGβ cluster (1111 bp, 3973), which consists of one LHβ 
gene, and six hCGβ and pseudogenes [88-91].  The mature LHβ protein consists of 
one hundred and twenty-one amino acid residues and contains twelve cysteine pairs 
that from six intrasubunit disulfide bridges, as well as two N-linked glycosylation sites 
(one in LHβ) (Figure 2) [87]. Studies have shown considerable variability in amino acid 
identity between the hormone-specific beta subunits, ranging from 32% for the LH-TSH 
pair to 83% for the LH-hCG pair (excluding the nonhomologous C-terminal extension 
of hCG) [89, 92]. The distinct LHβ confers the specific biological action of LH and 
modulates the interaction with the LH receptor (a G protein-coupled receptor (GPCR) 
with a transmembrane domain composed of seven segments) [93, 94]. Both LH and 
hCG act on the LH/hCG receptor to promote progesterone production by corpus 
luteum cells [91, 95-100]. An inactivating mutation in the FSHβ (4262 bp) glycoprotein 
hormone gene on chromosome 11p13 results in hypogonadism and azoospermia [101, 
102], while a homozygous mutation in the LH receptor causes micropenis (S616Y, 
1625K), absent puberty and infertility (S616Y) [103-105]. Testicular biopsy [106] in one 
patient showed no mature leydig cells and an arrest of spermatogenesis at the 
spermatid stage (Table 1) [107]. 
 
 
 
 
 
 
 
 
 23 
 
 
 
 
 
 
 
 
 
Table 1. LHβ genetic variants in both sexes assocaited with phenotypic traits. 
Variants in LHβ Numbers of population  Reference 
PCOS 32/153 Female patients [89] 
   
PCOS 31/212 healthy females [108] 
 1/30 fenale patients  
   
PCOS 5/30 healthy females [109] 
 46/328 female patients  
   
Subfertility/infertility 169/881 control females [110] 
 3/3 female patients  
   
Infertility 0/2 fertile females [111] 
 16/97 female patients  
   
Infertility 14/169 fertile females [112] 
 12/145 male patients  
   
Delayed tempo of 
pubertal progression 15/200 fertile males [113] 
 13/49 healthy boys  
   
Endocrine disorder 
    and/or gynecologic 
disease 45/245 female patients [109] 
   
Menstrual disorders 21/176 female patients [112] 
 
20/200 normally ovulating 
females  
Endometriosis 16/85 female patients [114] 
 
29/145 females with unknown 
fertility  
   
Male eunucoid 
syndrome One fertile male patient [115] 
Non-obstructive 
male infertility 12/95 male patients [116] 
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Figure 2. Schematic representation of (A) the common human α-subunit gene, (B) the 
hormone-specific LHβ gene and (C) the LH receptor gene. A. The common α-subunit 
gene structure. The top part of each diagram indicates each gonadotropin subunit gene 
structure. The open bars represent the sequences not encoding for protein; the closed 
bars indicate the protein encoding gene sequences code and comprise the open 
reading frames. The bottom part of each diagram indicates the gene sequences drawn 
to scale. The shaded bar represents the signal peptide, while the mature protein is 
depicted by the open bar. The numbers below the protein indicate the length of the 
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mature protein, counting from the first amino acid of the mature protein 1. The inverted 
triangles indicate the number of amino acid in the protein positions of the N-linked 
glycosylation sites. The connecting lines integrate the coding exons and the sections of 
the protein encoded by the respective exon [88].  
 
 
The hypothalamic GnRH neurons represent the final output component of a neuronal 
network that integrates internal factors of reproductive axis [117]. The release of GnRH 
into hypopheal portal system from nerve terminals located in the median eminence 
occurs in a pulsatile fashion, which creates the pattern of episodic LH release [118, 
119]. Fluctuations in the pattern of GnRH release combined with alterations in the 
secretory capacity of the pituitary gonadotrophs generate the marked changes in LH 
secretion profile observed over the course of the ovarian cycle [120-122].  LH and FSH 
secreted by the anterior lobe of pituitary gland are produced in a pulsatile fashion with 
differential frequencies and amplitude regulated by gonadotropin releasing hormone 
(GnRH) [123].  Characteristic patterns of LH secretion have been evaluated in many 
species, including healthy men and women, premenstrual syndrome (PMS), polycystic 
ovarian syndrome (PCOS) patients, primates and other species such as mice and rats 
in both genders. Despite comprehensive studies that have highlighted the distinct 
pattern of pulsatile LH secretion in primates, rodents and humans in the past few 
decades, the physiological mechanisms that trigger the initiation and activation of 
pulsatile LH secretion patterning remain undisclosed. Population ageing and 
transformation from prepubertal children to adults in the human have altered the pulse 
frequency and amplitude of LH secretion related to reproductive health, nutrition and 
dietary intervention.  
1.3    Gonadotrophin releasing hormone (GnRH) 
 
Ageing is a gradual process which overall loss of various physiological functions, 
impacting on the degeneration of reproductive function [142-147]. The hypothalamic 
plays a programmatic role in ageing development via immune-neuroendocrine 
integration, which precisely coordinates the hormones with pituitary and gonadal levels 
and further optimizes sexual maturation [148, 149]. The hypothalamic pulse generator 
GnRH regulates the central neuroendocrine regulation of human reproductive function 
in a pulsatile mode of signaling to remote target tissues [150]. GnRH is released from 
 26 
the hypothalamus into the portal circulation in a pulsatile manner. By binding to GnRH 
receptor (GnRHR) in the hypothalamic GnRH neurons, GnRH initiates the episodic 
release of the circulating gonadotropins LH and FSH and further modulates the 
function of the gonads and induces steroidogenesis. The GnRH pulsatility has been 
characterized by measuring the GnRH level in hypophyseal portal blood and 
cerebrospinal fluid in ewes [151, 152]. The synchrony between GnRH pulsatile 
secretion in portal blood and LH in peripheral blood is well established [151-153]. In 
female mammals, except the seasonal breeders or alterations inherent to aging, once 
animals reach puberty and undergo optimal reproductive conditions their reproductive 
system becomes active and displays cyclicity [154]. GnRH neurons indirectly control 
both the maturation and ovulation of oocytes by triggering a surge of FSH and LH 
respectively [119]. These two processes are driven by two specific secretory types-
pulsatile and continuous surge modes, which fluctuates over days [152]. The switch 
between pulsatile and surge GnRH secretion is dependent on oestrogen and 
progesterone feedback. Studies have suggested that the preovulatory GnRH surge 
occurs through a sudden and massive GnRH secretion rather than the combination of 
high-frequency GnRH pulse [151, 155]. In several species, the ovulatory LH surge is 
preceded by a GnRH surge. It is believed that oestrogen plays a critical role in the 
initiation of the LH surge in the primates [156]. Previous studies in ewe demonstrate 
unequivocally that a preovulatory surge of GnRH is secreted into the pituitary portal 
blood during the estrous cycle and this surge is induced by the follicular phase rise in 
oestrogen [157]. Data demonstrate that oestrogen injection is capable of switching the 
pattern of pulsatile GnRH secretion into a continuous mode in the portal circulation. A 
robust increase in GnRH secretion occurred at the onset of the LH surge during 
follicular phase in female ewe during the preovulatory period using the pituitary portal 
blood collection up to 48 hours duration. The GnRH increase in most ewes was a 
massive surge reaching up to 40-fold higher than baseline secretion and extending 
well beyond the end of the preovulatory LH surge. In the early follicular phase, the 
GnRH-pulse frequency was greater than that in the luteal phase and increased further 
in the follicular phase although the amplitude decreased as the surge approached. 
These data suggested GnRH secretion leading to ovulation in the ewe is dynamic, 
beginning with slow pulses during luteal phase, and progressing with higher frequency 
pulses during the follicular phase, with summation in a robust surge of GnRH. This 
study has showed that the onset of the preovulatory surges of GnRH and LH were 
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coincident [157]. The GnRH surge extended well after the termination of the surge of 
LH. Even when basal GnRH is in low amplitude, the increase of the GnRH surge was 
still robust and coincided with an LH surge. The GnRH surge did not peak when 
sampling was terminated, and in some cases, a second surge was observed in GnRH 
pulsatile secretion after the LH surge returned to baseline. A similar study has been 
carried on in the intact and ovariectomized (OVX) conscious rhesus monkeys during a 
control period and the oestrogen-induced positive feedback phase in cerebrospinal 
fluid (CSF) obtained from the third ventricle. The results of this study clearly indicate 
that in both intact and OVX rhesus monkeys, a GnRH surge accompanies the LH 
surge, and the oestrogen-positive feedback loop in the monkey is similar to that in 
other species and involves hypothalamic action [157]. 
1.4  Kisspeptin controls the upstream of GnRH neurons and modulates GnRH and LH 
pulsatile patterning axis 
 
Kisspeptin is an amidated peptide encoded by the KiSS1 gene, which is located in 
close to the Goleta (Golgi transport 1 homolog A) gene in most species. The KiSS1 
gene consists of two coding exons and one noncoding exon in humans and rodents 
[158]. Kisspeptin and its G-protein-coupled receptor (Gpr54), also known as Kiss1R, 
control normal fertility. This was documented by the seminal discovery in 2003, which 
shows that human pedigrees with Gpr54 mutations fail to enter puberty. Large 
numbers of clinical and laboratory evidence have demonstrated that kisspeptin-Gpr54 
signaling is essential for normal fertility in all mammalian species. Moreover, kisspeptin 
has been shown to exert its effects on the activity of multiple different hypothalamic cell 
populations. At present, the relative importance of kisspeptin-Gpr54 signaling to 
regulate fertility via the HPG axis remains unclear.  GnRH neurons in mice express 
Gpr54 [25], suggesting a possible location for kisspeptin action within the HPG axis. In 
rodents, emerging evidence has shown that kisspeptin plays a direct stimulatory role in 
the activation of GnRH neurons. Kisspeptin evokes a long-lasting depolarization of 
adult GnRH neuron in situ and activates the firing rate of GnRH neurons in vitro. 
Kisspeptin expressing neurons distribute into two discrete hypothalamic regions, the 
arcuate nucleus (ARC) and the anteroventral periventricular nucleus (AVPV) [159-
163]. Higher proportions of ARC kisspeptin neurons were observed in human, monkey 
and sheep than those of in the AVPV.  During pubertal development, kisspeptin 
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expression increases in both ARC and AVPV region in rodents.  In mice, the 
expression of Kiss-1 mRNA increased from juvenile to adulthood in the AVPV [164]. 
Central administration of kisspeptin-10 increases plasma LH and LHRH release in 
vitro, while peripheral injection of kisspeptin-10 increases plasma LH [165]. The 
increase of LH secretion eventually heralds the activation of the reproductive axis. 
Higher proportions of ARC kisspeptin neurons were observed in human, monkey and 
sheep than those of in the AVPV [161]. During pubertal development, kisspeptin 
expression increases in both ARC and AVPV region in rodents. In female rats, the 
AVPV kisspeptin neurons are believed to closely modulate the preovulatory GnRH/LH 
surge [166].  Inactivation of the kisspeptin receptor gene (Gpr54) results in impaired 
pubertal maturation, which causes hypogonadotropic hypogonadism, and eventually 
reduces the circulating LH levels [167-169]. This syndrome is known as delayed or 
absence of the onset of puberty. Conversely, activation of kisspeptin results in 
precocious puberty, suggesting an action of kisspeptin on the alteration of GnRH 
pulsatility [170].  
1.5    Kisspeptin and Kisspeptin receptor contribute to the GnRH-LH patterning 
 
Studies have demonstrated that kisspeptin antagonist abolished the GnRH neuronal 
firing. Kisspeptin antagonist suppressed both mean GnRH and GnRH pulses when 
administrated into the median eminence of pubertal monkeys [171]. Kisspeptin 
antagonist is also found to reduce LH pulse frequency when injection to ARC in rats. 
The effect of kisspeptin on LH pulsatility occurs without the influence by GnRH, 
suggesting that the action of kisspeptin is upstream of GnRH [170]. Studies also 
demonstrated that a rapid and sustained increase in LH pulse frequency and amplitude 
were observed after intravenous infusion of kisspeptin 10 in healthy men and 
kisspeptin 54 in healthy women. Studies have suggested that the effect of kisspeptin 
injection induces a rapid and sustained LH and GnRH secretion in Gpr54-intacted 
animals (e.g. rodents, mice, and sheep); the level of LH began to decline before the 
end of the kisspeptin infusion while GnRH levels persisted. Moreover, the ability of 
kisspeptin influence on the LH pulsatility has been demonstrated in reproductive 
disorder patients with hypothalamic amenorrhoea, hypogonadal patients with type 2 
diabetes and neurokinin B signaling defects.  Kisspeptin not only modulates GnRH 
pulsatility, but also appears to reset the hypothalamic clock of GnRH secretion in men. 
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Acute administration of kisspeptin-10 delayed the timing of LH pulsatility in men, but 
not in women during the menstrual cycle. These studies suggest that the operation of 
GnRH pulse generator in men may be working differently than in women, possibly due 
to the changes of sex steroid milieu occurring during the female menstrual cycle.  
1.6    Pulsatile LH secretion in men during the transition of puberty 
 
Pulsatile LH secretion has been characterized in many species including humans, 
sheep, and monkeys [36]. Early studies have shown pulsatile LH secretion has been 
established in the first week of postnatal life in male infants [37, 38]. The half-life of LH 
secretion from the neonate male infants plasma samples evaluates the approximate 
value of the half-life of endogenous LH in healthy children and adults [39]. The 
frequency of LH secretion in male infants is approximately one pulse every one to one 
and half hours, which was observed similarly in healthy male adults [40-42].  Moreover, 
an increased pulsatile LH secretion was accompanied alongside with pulse amplitude 
in male infants, similar to that in normal men, which may be due to the elevated level of 
testosterone production and responsiveness of neonatal Leydig cell development. Of 
interest, infant boys after 3-6 months of age decrease remarkably and remained 
quiescent until reaching to the onset of puberty. Less is known about GnRH activity 
during childhood due to the limitation of detecting the releasing gonadotrophin level at 
this age using radioimmunoassays. Pulsatile LH secretion in men during a pubertal 
transition is controversial. An earlier study demonstrated no change in circulating LH 
half-life, but a 30-fold increase in circulating LH secretory burst mass with only a 1.5-
fold acceleration of pulse frequency in the transition period from prepuberty to the time 
of pubertal onset [43]. Also, evidence has shown that an elevated serum bioactive LH 
concentration was observed in the leydig cell bioassay at the onset of puberty [44]. 
However, a more recent study employed an immuno-chemiluminescent assay to 
detect the plasma LH secretion in prepubertal boys and young men, and the results 
indicate no differences in pulse frequency, interburst interval, half-life or approximate 
entropy [45]. The variation of the LH pulsatility reported in different studies is likely due 
to the sensitivity of the LH assays employed, and the frequency of blood collection 
used in the methodologies. A high sensitive LH assay and a high frequency of the 
blood sampling protocol may help to increase the amplitude and basal LH secretion in 
the future comparable studies.  
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1.7      Pulsatile LH secretion in women during the transition of puberty 
 
Regulation of the pulsatile LH secretion in women during the menstrual cycle reflects 
the steroid hormone production by the ovary i.e circa cycle ovarian control [46-48]. In 
the late follicular phase, a significant raise in LH pulses and oestrogen peaks was 
found in females [46-48]. The neuronal endocrine control of pulsatile LH secretion is an 
important proximity indicating every aspect of the menstrual cycle [49, 50]. The mean 
of pulsatile LH secretion declines significantly at the mid-follicular phase and increases 
at the late follicular phase [43, 51-55]. LH pulse amplitude is highest in the early luteal 
phase and decreases by the mid-luteal phase, with further decreases at the late luteal 
phase [52]. The study has shown that the female infant does not mediate an 
immediate postnatal surge-like increase in gonadotrophin-driven gonadal steroid 
secretion.  Less is known with regards to pulsatile LH secretion in healthy ageing 
women [151]. One study demonstrated that oestrogen treatment enhances two fold 
GnRH activity by increasing LH secretory burst duration [172]. Controversial evidence 
indicated that both the amplitude and frequency of LH secretory pulses increases with 
advancing pubertal age, while other studies have shown only an increase in LH pulse 
amplitude with pulse frequency relatively stable across pubertal stages. This 
discrepancy may be due to the long sampling intervals  (approximately 20 minutes per 
sampling period), which could result in lower pulse frequency [133]. The low sensitivity 
of current LH RIA and Immunoradiometric assays (IRMA) may fail the detection limit of 
circulating LH levels in the young children. In addition, the application of different 
algorithms to analyze circulating LH concentrations leads to detection failure in 
endogenous LH production rates and LH metabolic clearance, which may further affect 
the number of LH half-life. Some studies have well documented that an increase in 
nocturnal LH pulse frequency occurs during puberty, typically at Tanner breast or 
genital stage 2-3 and decreases at the late puberty or early adulthood due to the 
feedback mechanism of adult levels of sex steroid hormones. This suggests that adults 
might have similar pulse frequency to children than to adolescents. Some evidence 
also suggests that LH secretory parameters are similar to those of the other children 
with no evidence of enhanced nocturnal LH release in the prepubertal girls at Tanner 
stage 1 [56].  In a recent study, comparison of pulsatile LH secretion between children 
and adults demonstrated a marked increase in the mass and amplitude of the LH 
secretory burst. During the transition from children to adult, LH secretory burst mass 
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increased 9.5-fold in females, which is accompanied by an increase of the mean LH 
concentration by nearly 13-fold and the production rate by nearly 9-fold. No significant 
differences in terms of pulse frequency, interburst interval, half-life or approximate 
entropy were found between the groups of prepubertal children and adults [45].   
1.8    Reproductive attainment  
 
The hypothalamic pituitary gonadal axis is hyperactive in a sexually dimorphic manner, 
contributing to sexual differentiation of the brain. In female rats, once puberty is 
reached, animals experience regular estrous cycles between four to five days, which 
are divided into four phases: estrus, metestrus, diestrus, and proestrus. During 
metestrus and diestrus, the release of GnRH and LH are low. Oestrogen levels rise 
and exert a negative feedback onto the hypothalamic level at the transition period 
between diestrus to proestrus. This results in the GnRH/LH surge and a consequent 
trigger of ovulation during estrus in rodents. The timing of reproductive behaviors is 
also coordinated by these cyclic hormonal fluctuations, with females becoming 
sexually receptive during the transition to estrus, the time that maximizes the success 
rate of fertilization upon mating [34, 35]. 
1.9   Growth Hormone (GH) 
 
Growth hormone, an anabolic hormone, is synthesised and secreted in a pulsatile 
fashion by the somatotroph cells of the anterior pituitary gland [173]. It is a member of 
the GH gene family, which includes prolactin and the placental lactogens. GH exerts its 
biological effects through binding to the extracellular GH receptor, a single pass protein 
that also contains transmembrane and intracellular regions. A single GH molecule 
binds to two GH receptor molecules, resulting in dimerisation of the receptor. 
Dimerisation of GH receptor is occurred from the signal pathway and results in the 
various biological effects associated with GH. GH actions involve multiple organs and 
systems. Postnatal longitudinal growth and development, but not intrauterine growth is 
dependent on normal pulsatile GH secretion. GH is also responsible for changes in 
protein, lipid and carbohydrate metabolism. The somatomedin also named as insulin 
like growth factor (IGF-1), hypothesis postulated that the observed effects of GH. Its 
actions involve multiple organs and systems, affecting postnatal longitudinal growth as 
well as protein, lipid and carbohydrate metabolism. Growth rate remains relatively 
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constant throughout childhood until the onset of the puberty [174]. At a relatively late-
pubertal stage, the mass of mean GH secretion increases dramatically. This coincides 
with the rapid acceleration of linear growth (Figure 2) [174]. The dramatic increase of 
mean GH secretion at late-puberty is characterised by an increase in the amplitude of 
GH secretion, and a rise in GH secretion rate. At this time, the frequency of GH 
secretory bursts, and the clearance rate of GH does not change [175]. 
1.9.1   Pulsatile GH secretion  
 
The production and release of GH is primarily regulated by hypothalamic neurons 
expressing growth hormone-releasing hormone (GHRH) and somatotropin-releasing 
inhibitory factor (SRIF) [176]. GHRH neurons are located within arcuate nucleus (ARC) 
of the hypothalamus; whereas SRIF neurons are distributed throughout the 
hypothalamus, with predominate expression within the periventricular nucleus (PeVN) 
and ARC. Axons from GHRH and SRIF neurons project to the median eminence (ME) 
where GHRH and SRIF are released into portal vascular. From here, GHRH and SRIF 
are transported to the anterior pituitary gland to stimulate and inhibit GH secretion, 
respectively. The binding of GHRH to GHRH-R subsequently activates a series of 
cellular activities mediated via cAMP. The release of GH is entirely based on an 
increase in intracellular Ca2+ flux via voltage dependent Ca2+ channels. Increased 
levels of cAMP act as second messenger and activate the protein kinase A (PKA) 
signalling pathway. Moreover, GHRH activated phospholipase C/inositol phosphate 3 
causes the release of Ca2+ flux and GH secretion.  By contrast, SRIF inhibits GH 
secretion either directly by inhibiting somatotroph activity via SRIF receptors, or 
indirectly by inhibiting GHRH release from ARC. SRIF inhibits GH release from the 
somatotrophs by limiting intracellular Ca2+ stores, and cAMP accumulation while 
stimulating membrane K+ channels. This results in the reduced influx of Ca2+, thus, 
maintaining baseline GH secretion [177]. The release and synthesis of GH from 
somatotrophs is also modulated by peripheral factors, including insulin growth factor 1 
(IGF-1) [178]. IGF-1 is primarily produced in the liver, in response to GH secretion. 
IGF-1 circulates in bound and free forms. Circulating IGF-1 inhibits GH secretion 
through negative feedback control on the anterior pituitary gland and hypothalamus, 
whereby IGF-1 directly inhibits GH secretion from somatotrophs and indirectly by 
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stimulating the release of SRIF while inhibiting the activity of GHRH neurons (Figure 
4). 
 
Figure 3. The release and synthesis of GH from somatotrophs located within the 
anterior pituitary gland require communication between peripheral (IGF-1) and central 
(GHRH and SRIF) regulators. GHRH and SRIF stimulate and inhibit GH secretion, 
respectively. IGF-1 is produced in response to GH stimulation, and feeds back to the 
hypothalamic GHRH and SRIF to indirectly inhibit the GH secretion. ARC, arcuate 
nucleus; PeVN, periventricular nucleus; GHRH, growth hormone-releasing hormone; 
SRIF, somatotropin-releasing inhibitory factor; IGF-1, insulin-like growth factor 1. 
 
The pulsatile pattern of GH secretion is conserved across all mammals characterised 
to date, including humans [179], rats [180] and mice (Steyn et al, 2011). Endogenous 
GH secretion is characterised by low levels of basal GH secretion flanked by periods of 
peak GH secretion. In humans and mice, pulses in GH secretion occur, on average, 
every 2 to 3 hours. It is believed that increased GHRH and decreased SRIF secretion 
generates the pulsatile pattern of GH secretion (Figure 4). Increased SRIF secretion 
determines the intervals between GH bursts by suppressing GHRH induced GH 
secretion [178]. Stimulation of GHRH, in the absence of SRIF release, contributes to 
peak GH secretion.  
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Pubertal maturation heralds the establishment of regular pattern GH secretion, 
reminiscent of adulthood [181]. This suggests that interactions between GHRH and 
SRIF neurons and the somatotrophs are enhanced throughout pubertal development. 
Prior observations suggest that sex steroids drive the regularity of pulsatile GH 
secretion at this time, as the release of GH occurs in a sexual dimorphic pattern. In 
females, total, pulsatile, basal GH secretion and the mass of GH released per burst are 
significantly higher compared to men. By contrast, pulse frequencies remains the same 
[182]. Given the differential roles of GHRH and SRIF, these observations suggest that 
the sexual dimorphic pattern of GH release is closely related to hypothalamic 
GHRH/SRIF synthesis, storage and/or secretion. The physiological roles of GHRH and 
SRIF, and their correlation with pulsatile GH release between women and men are, 
however poorly understood.  
 
Figure 4. Schematic figure representing key parameters of pulsatile GH secretion. 1) 
Pulse amplitude, 2) Interpulse basal GH secretion. The amplitude and secretory burst 
duration of GH secretion is driven by feedback between stimulatory GHRH and 
inhibitory SRIF. MPP: Mean peak per pulse equals the sum of peak GH secretion (*) 
divided by the number of detected pulses over the period of sampling: Approximately 
entropy (ApEn): regularity of hormonal secretory pattern. When ApEn value is closer to 
0.35, the pattern of hormonal secretion is more regular. 
1.10   Hypothesis and Aims 
1.10.1 Global Hypothesis: How refinement of LH patterning is achieved in male and 
female mice and during early pubertal and matured adult ages. 
 
Refinement of LH releasing pattern is achieved along the maturation process in both 
male and female mice. Pubertal maturation has been poorly characterized in the 
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mouse model, which has currently widely used in the field of reproductive science. No 
study has been shown the relationship between the refinement of LH patterning during 
pubertal maturation and the recruitment of ovarian follicles in mice. We hypothesize 
that the characteristic pattern of LH release that defines female reproductive capacity 
is established in the first ovulatory cycle in female mice. Therefore, we anticipate the 
refinement of pulsatile LH release from prepuberty to adulthood in mice contributes to 
the refinement of reproductive maturation. 
 
1.10.2 Specific Hypothesis 1: Pulsatile LH releasing pattern is refined from early 
pubertal age to matured adult age of male mice. 
Aim 1:  
Rationale: Hypothalamic pulse generator GnRH neuron drives the maturation of 
puberty [183]. Currently no method has been available to measure the secretory 
pattern of GnRH neuron. It is known that the pulsatile LH release is an indicator of 
GnRH neuronal activity [184]. Owing to its short reproductive cycle and rapid 
reproduction rate, the mouse is a commonly used model in modern reproductive 
science. To date, no method has been developed to monitor the profile of LH secretion 
in mice. Therefore, it was critical to develop a technique to detect the pulsatile LH 
secretion in mice, which can be widely utilized within the field of reproductive biology. 
Using current methodology developed for monitoring pulsatile LH secretion in mice, I 
could proceed to the next goal of the project which was to study the mechanism that 
hypothalamic pulse generator drives the changes of LH pulsatility in both male and 
female mice relative to age changes. It is well established that the absence of the 
hypothalamic pulse generator will result in a delay or no hypothalamic maturation of 
the reproductive axis. In both female and male mice, a significant alteration of 
hypothalamic pulse generator GnRH has occurred from puberty to adulthood, which 
drives the changes of LH pulsatility. It is important to study the hypothalamic 
mechanisms, which can provide the parallel study between pulse generators and 
hypothalamic maturation in both genders associated with age changes. The LH pulse 
profile will also implicate the different roles of hypothalamic pulse generator in driving 
the reproductive systems in female and male mice from puberty to adulthood.  The 
understanding of the reproductive system will help us address fertility issues. It may 
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also improve the metabolism profile from GH angle. Ultimately, this will contribute to 
solving the issues in fertility and metabolism status in human.  
 
To address this I aim to:  
a) Develop and validate a method to monitor pulsatile LH secretion in mice. This 
method must allow assessment of pulsatile LH secretion in mice throughout the 
transition period of puberty to adulthood.  
b) Optimize conditions to allow simultaneous assessment of pulsatile LH and GH 
release in mice. In doing so, subsequent experiments can extrapolate alterations in 
GnRH induced LH release alongside alterations in GH secretion.   
c) Following the development of this method, I will characterize the pulsatile 
pattern of LH secretion in male mice during pubertal development (4-5 weeks of age), 
and in early adulthood. Accurate measures of LH secretion in mice do not exist, and 
thus these measures will provide essential information to define the transition in 
patterned LH secretion from puberty leading into adulthood. Observations will provide 
baseline measures for future experiments.  
 
1.10.3 Specific Hypothesis 2: The first preovulatory and adult preovulatory cycle in 
female mice relative to ovarian patterning. 
 
Aim 2: Define the LH patterning in 5 weeks and 10 weeks female mice relative to the 
estrous cycle 
Rationale: The hypothalamic-pituitary-gonadal (HPG) axis is the main pathway that 
modulates the release of pituitary hormones to drive reproductive function. In females, 
LH regulates ovarian steroid hormones from cholesterol, estrogens, progesterone and 
androgen synthesis and secretion, as well as ovulation. Dynamic changes in LH 
release occur with age and reproductive status, and a greater understanding of the 
processes and hormonal interaction that contribute to matured LH output in females 
may provide critical information that define the development of optimal reproductive 
function in female mice. To this extent, establishment of LH profile in females during 
the first and adult ovulatory cycle and observant of critical changes of LH output occur 
between pubertal maturation and adulthood can provide us the information that is 
related to the age-associated changes in female reproductive system. The hormones 
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or neurons that plays the pivotal role in leading reproductive ageing can help us 
underline the mechanisms and clinical consequences with menopause symptoms, 
ovaian ageing, etc.  
To address this I aim to 
a) Define the LH patterning in 5 weeks and 10 weeks old female mice relative to the 
estorus cycle 
b) Characterize the number of follicle relative to the age-associated change of LH 
patterning in female mice. 
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CHAPTER TWO: GENERAL METHODOLOGY 
2. General methodology 
2.1 Ethics 
All procedures were assessed and approved by the University of Queensland Animal 
Ethics committee (Ethics Number: SBMS/389/11 NHMRC and SBMS/555/11 
NHMRC).  
2.2 Animal care 
Wild-type C57BL/6J male mice (3 weeks of age, 10 weeks of age, 16 weeks of age, 
9.3 g - 34.2 g) and wild-type C57BL/6J female mice (3 weeks of age - 10 weeks of 
age, 8.9 g - 13.5 g) mice were obtained from the University of Queensland Biological 
Resources (UQBR). GPR54 KO mice and aged matched wildtype littermates (8 weeks 
of age and 32 weeks of age, 11.4 g - 33.6 g) were obtained from the Hercus-Taieri 
Resource Unit, Otago University. Transgenic wild-type C57BL/6J male mice with green 
fluorescent protein (GFP) expression in hypothalamic GHRH neurons (GHRH-GFP) 
and Wild-type C57BL/6J male mice (3 weeks of age - 16 weeks of age) were used for 
assessing GHRH neuronal activity and gonadectomy study. Mice were pair housed in 
a 12-hour light, 12-hour dark cycle (lights on at 0600 am and off at 1800 pm). Room 
temperature were maintained at 24 ± 2 ºC. Animals had free to access food (Specialty 
Feeds, Australia) and water for the duration of all experiments. For collection of 
terminal blood samples, mice were anesthetized by intraperitoneal administration of 
sodium pentobarbitone (32.5 mg/ml; Virbac Animal Health, Australia). For collection of 
repeat blood samples, blood samples were collected from mouse-tail tip. This method 
was previously described [19]. Briefly, mice were held in a cardboard tube, exposing its 
tail. 0.5 mm tail tip will be removed using a sterile surgical blade (ProsciTech, 
Australia). 4 µl of whole blood sample were collected into 116 µl of 1x PBST. Samples 
were mixed well by vortex and placed on dry ice immediately. The blood samples were 
stored at -80 0C prior to analysis. 
2.3 General methods 
2.3.1 Development of an ultra-sensitive LH ELISA 
Pulsatile LH secretion was assessed following development of an ultra-sensitive 
Enzyme-Linked Immunosorbent Assay (ELISA). This method was optimised and 
validated allows assessment of LH concentration in small amounts (2-4 µl) of whole 
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blood. Methodology specific to the development and validation of this assay are 
detailed below:  
A 96-well high affinity binding microplate (9018; Corning, USA) was coated with 50 µl 
capture antibody (monoclonal antibody, anti-bovine LH beta subunit, 518B7, University 
of California) at a final dilution of 1:1000 (in 1 X PBS, Na2HPO4 (anhydrous) 1.09 g, 
NaH2PO4 (anhydrous) 0.32 g, NaCl 9 g in 1000 ml Distilled Water, pH=7.4), and was 
incubated overnight at 4 °C to allow coating of the microplate binding surface. To 
remove unspecific binding of the capture antibody, wells were incubated with 200 µl 
blocking buffer (5% (w/v) skim milk powder in 1x PBST (1 x PBS with 0.05% Tween-
20, pH = 7.4) for 2-h at room temperature (RT). A standard curve was generated using 
a 2-fold serial dilution of mouse LH (mLH; reference preparation, AFP-5306A, NIDDK-
NHPP) in 0.2 % (w/v) BSA-1 x PBST. The mLH standards and blood samples were 
incubated with 50 µl detection antibody (polyclonal antibody, Rabbit LH antiserum, 
AFP240580Rb, NIDDK-NHPP) at a final dilution of 1:10000 for 1.5-h (at RT). Each well 
containing bound substrate was then incubated with 50 µl horseradish peroxidase-
conjugated antibody (D048701-2, DakoCytomation, Polyclonal Goat Anti-Rabbit) at a 
final dilution of 1:2000. Following a 1.5-hr incubation, 100 µl O-phenylenediamine 
(OPD) (002003; Invitrogen, USA) substrate containing 0.1% H2O2 was added to each 
well and left at RT for 30 min. The reaction was stopped by addition of 50 µl 3 M HCl to 
each well, and the absorbance of each well was read at a wavelength of 490 nm 
(Sunrise, Tecan Group, Switzerland). Between each step, the 96-well plate was 
washed (three times at 3 min intervals) with 1x PBST. Quality controls will were 
generated using 0.25 ng/ml mLH standard, stored in -80 ºC and included as a between 
assay controls for subsequent assays. The concentration of mLH in whole blood 
samples was calculated by interpolating the OD values of unknown samples against a 
nonlinear regression of the mLH standard curve. 
2.3.2 Validation of the LH ELISA 
Assay sensitivity was validated in terminal cardiac puncture plasma and whole blood 
samples collected using a heparinized syringe (100 IU/ml). The linear detection range 
of the mouse LH ELISA was determined by assessing detection of 9 serially diluted 
mLH standards curve replicates (n=32) ranging from 0.0019 ng/ml to 0.5 ng/ml. To 
interpolate the mLH concentration in whole blood samples, a nonlinear regression 
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analysis was performed using serially diluted mLH standard curve replicates (n=32) 
ranging from 0.0019 ng/ml – 1 ng/ml.  
 
To assess the accuracy of the mouse LH ELISA, whole blood and plasma samples 
were supplemented with known amounts of mouse LH (0.031 ng/ml, 0.125 ng/ml & 
0.500 ng/ml, spike recovery test). The concentration of mouse LH in whole blood and 
plasma samples were calculated against the non-linear regression of the mLH 
standard curve. The percentage of recovery equalled observed LH levels after spike 
recovery minus observed LH levels before spike recover, divided by known spiked 
levels of LH. This was multiplied by 100 and expressed as a percentage (% recovery). 
This spike recovery test was repeated three times and validated over four independent 
assays. Repeatability precision was determined by assessing intra- and interassay 
variability of control samples. Intra- and interassay variability were assessed by 
determination of LH quality control concentration in 36 sample replicates containing 
0.25 ng/ml of mLH repeated within one assay, or between six separate assays, 
respectively. The coefficients of variation of intra- and interassay were generated by 
GraphPad Prism version 6.0a using column statistic assay. 
2.3.3 Other hormone assays 
GH ELISA - Pulsatile GH secretion in mice were determined using an established in-
house GH ELISA. The protocol was followed as previously described [19]. 
Steroid hormone assays - oestrogen level of female mice at different stages of estrous 
cycle, and testosterone levels in male mice were characterized following commercial 
ELISA assay kits: Mouse/Rat oestrogen (E2) and Testosterone kits from Calbiotech, 
USA.  
2.3.4 Perfusion and tissue preparation for Immunohistochemistry 
Animals were flushed with 0.1M Phosphate buffer (pH=7.4) through the left ventricle. 
For females, the right ovary was post fixed in ice-cold 4% (w/v) paraformaldehyde 
(PFA, Sigma Aldrich, Australia) in 0.1M PB for 4 hours. Fixed tissue was washed three 
times with 0.1M PB at 5 mins interval on the roller and immersed in 15% (w/v) and 
30% (w/v) sucrose respectively. For histochemistry, 5 µm sections of ovaries were cut 
serially and placed on a slide and stained using hematoxylin and eosin. The image of 
ovarian sections were scanned using Aperio Scanner (Image facility).  
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2.3.5       Assessing the reproductive stage in female mice  
The reproductive stage of female mice was assessed following established 
methodology. Briefly, a stainless steel loop was cleaned with saline for three times and 
then placed into the vagina of female mice. The vaginal smear was collected by 
twisting the stainless steel loop, and the vaginal sample was immediately transferred 
onto a clean glass slide for histological assessment. The cells were stained by 0.05% 
(w/v) Toubuline blue for 30 seconds and air-dried and visualized under 40 X objective 
microscope. The determination of the estrous cycle phase depended on the proportion 
among three cell types (Nucleated epithelial cells, leucocytes and cornified cell (Figure 
5). 
 
 
Figure 5. Representative figure of stained vaginal secretion from mice at (A) Estrus, 
with predominantly cornified cells; (B) Metestrus, consisting of the three types of cell, 
mainly leukocytes and few cornified cells and (C) Diestrus consisting predominantly of 
leucocytes and nucleated epithelial cells (D) Proestrus, predominantly consisting of 
nucleated epithelial cells.  
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2.3.6 Statistics analysis 
 
General statistics - Data was presented, as means ± SEM. Differences between 
groups were identified by two-way ANOVA. All measures (excluding deconvolution 
analysis) were performed using GraphPad Prism 6.0a (GraphPad Inc., San Diego, 
CA). The threshold level for statistical significance were set at P < 0.05. 
Deconvolution analysis – LH/GH concentration time series were analysed using a 
recently developed automated deconvolution method, which was empirically validated 
using hypothalamo-pituitary sampling and simulated pulsatile time series [137, 186].   
For GH, assessment guidelines followed that published previously. For LH, sensitivity 
and specificity of detection f peak LH secretion was limited to ~93% of a deviation to 
baseline using an automated process (Matlab). The Matlab-based algorithm first 
detrends the data and normalizes concentrations to the unit interval [0, 1].  Second, the 
program creates multiple successively decremental potential pulse-time sets, each 
containing one fewer burst by a smoothing process (a nonlinear adaptation of the heat-
diffusion equation). Third, a maximum-likelihood expectation (MLE) estimation method 
calculates all secretion and elimination parameters simultaneously conditional on each 
of the candidate pulse-time sets. Deconvolution parameters comprise basal secretion 
(β0), secretory-burst mass (η0, η1), random effects on burst mass (σA), 
procedural/measurement error (σε), and a 3-parameter flexible Gamma secretory-burst 
waveform (β1, β2, β3).  The fast half-life of LH in mice was represented as 1 min 
constituting 63% of the decay amplitude and the slow half-life was estimated from 
individual data series. Based upon a false-positive rate of ≤ 5%, minimal LH 
concentration thresholds will be 16.4% (twice the CV of 120 assay replicates) and 
0.126 ng/L (three times the median SD will be determined from eight 10 min LH 
profiles sampled in GPR54 KO mice. Statistical model selection will be performed to 
distinguish among the   criterion. The parameters (and units) were basal and pulsatile 
secretion rates (concentration units/session), mass secreted per burst (concentration 
units), and waveform mode (time delay to maximal secretion after objectively 
estimated burst onset, min). Mathematical modelling and deconvolution analysis will be 
completed by Professor Johannes Veldhuis, Mayo Clinic, U.S.A.  
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CHAPTER THREE:  DEVELOPMENT AND VALIDATION OF ULTRA-SENSITIVE 
MOUSE LH ELISA 
3. Development and validation of ultra-sensitive mouse LH ELISA 
3.1 Introduction 
Current methodology remains limitation of quantifying pulsatile LH secretion in mice 
due to the inadequate assay sensitivity and in the need for collection of large blood 
volumes. Assessment of pulsatile LH secretion in mice remains highly chanllenging 
and observations are limited to adult mice. To address this, we developed a highly 
sensitive ELISA for assessment of mouse LH concentrations in small fractions of 
whole blood. We demonstrate that this assay is capable of reliably detecting LH down 
to a theoretical limit of 0.117 ng/mL in a 2 µl fraction of whole blood. Using an 
established frequent blood collection procedure, we validated the accuracy of this 
method by determining the pulsatile LH secretion in early-adult (10-weeks-old) 
C57BL/6J male mice. Data demonstrate regular pulsatile release of LH, with peaks in 
LH secretion rarely exceeding 3 ng/mL. Moreover, assessment of LH release in Gpr54 
KO mice demonstrates the lack of pulsatile LH release after the loss of kisspeptin-
mediated pubertal maturation. The age-associated changes in pulsatile LH secretion 
by assessment of LH secretion were determined in prepubertal (28 days old) 
C57BL/6J male mice and repeated assessment in the same mice in adulthood (120 
days old). Data demonstrate that the rise in total LH secretion in mice after pubertal 
maturation occurs along with an overall rise in the pulsatile LH secretion rate. This was 
coupled with a significant increase in the number of LH secretory events (number of 
pulses). In addition, a decrease in the clearance (increased half-life) and a decrease in 
the regularity (approximate entropy) of LH release were observed. This method was of 
wide general utility within the field of reproductive biology. 
3.2 Materials and Methods 
A sensitive sandwich ELISA for the assessment of whole blood LH concentrations 
were developed and validated. A 96-well high-affinity binding microplate (9018; 
Corning) was coated with 50 µl of capture antibody (monoclonal antibody, anti-bovine 
LH beta subunit, 518B7; University of California) at a final dilution of 1:1000 (in 1 x 
PBS, 1.09 g of Na2HPO4 [anhydrous], 0.32 g of NaH2PO4 [anhydrous], and 9 g of 
NaCl in 1000 mL of distilled water) and incubated overnight at 4°C. To minimize 
unspecific binding of the capture antibody, wells were incubated with 200 µL of 
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blocking buffer (5% [w/v] skim milk powder in 1 x PBS-T (1 x PBS with 0.05% Tween 
20) for 2 hours at room temperature (RT). A standard curve was generated using a 2-
fold serial dilution of mLH (reference preparation, AFP-5306A; National Institute of 
Diabetes and Digestive and Kidney Diseases National Hormone and Pituitary Program 
[NIDDK-NHPP]) in 0.2% (w/v) BSA 1x PBS-T. The LH standards and blood samples 
were incubated with 50 µL of detection antibody (polyclonal antibody, rabbit LH 
antiserum, AFP240580Rb; NIDDK-NHPP) at a final dilution of 1:10000 for 1.5 hours (at 
RT). Each well containing bound substrate was incubated with 50 µL of horseradish 
peroxidase–conjugated antibody (polyclonal goat anti-rabbit, D048701–2; 
DakoCytomation) at a final dilution of 1:2000. After a 1.5-hour incubation, 100 µL of o-
phenylenediamine (002003; Invitrogen), substrate containing 0.1% H2O2 was added to 
each well and left at Room temperature for 30 minutes. The reaction was stopped by 
addition of 50 µL of 3 M HCl to each well, and absorbance of each well was read at a 
wavelength of 490 nm (Sunrise; Tecan Group). The concentration of LH in whole blood 
samples was determined by interpolating the OD values of unknowns against a 
nonlinear regression of the LH standard curve. The capture antibody (monoclonal 
antibodies raised against bovine LH beta subunit [no. 581B7]) was purified as 
described previously. Cross-reactivity with FSH, TSH, prolactin, and GH from a 
number of species was negligible, with minimal cross-reactivity attributed to trace 
levels of LH contamination. The immunogen for development of the detecting antibody 
(rat LH anti-rabbit antiserum, AFP240580Rb; NIDDK-NHPP) was a highly purified rat 
pituitary LH titer of an antirabbit LH antibody. The cross-reactivity of rat anti-rabbit LH 
antibody was described previously (NIDDK-NHPP) and is 0.13% for rat TSH and 
0.01% for rat FSH, prolactin, and GH. 
3.3 Results 
3.3.1 Validation of Mouse LH ELISA 
We observed reliable detection of mouse LH down to a final dilution of 0.0039 ng/ml. A 
linear regression across a standard curve ranging from 0.0039 ng/ml to 0.500 ng/ml 
generated an R2 value of 0.987 (where R2=1.000 represents a perfect measure of 
goodness-of-fit of linear regression, Figure 6). To allow detection of mLH 
concentrations (in a 1:30 dilution) at a theoretical detection range of 0.117 ng/ml to 
30.0 ng/ml, the standard curve was extended by introducing a top standard of 1.00 
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ng/ml. Resulting extrapolation of unknowns was done following non-linear regression 
analysis (Figure 6). Assessment outcomes following validation are summarised in 
Table 1. Mean recovery of mLH in whole blood and plasma samples was above 85.0 
%. The intra- and inter-assay coefficients of variation among multiple assays were 6.05 
% and 4.29 %, respectively. This method provides a sensitive and accurate tool for the 
assessment of pulsatile LH secretion in mice, and will allow for the reliable assessment 
of pulsatile LH secretion in female and transgenic mouse lines. 
 
Figure 6. Linear (A) and nonlinear (B) regression curves generated from mLH 
standards ranging from 0.0039 ng/ml to 0.50 ng/ml and 0.0039 ng/ml to 1.00 ng/ml, 
respectively.  
 
 
3.3.2 Detection of pulsatile LH secretion in adult male mice 
 
Validation of this assessment method was completed following confirmation of 
detection of pulsatile LH secretion in 10-week-old male mice. The episodic release of 
LH in 10-week-old male mice (n=8) was variable, and characterised by two distinct 
patterns of secretion; multiple rapid irregular burst in secretion, and less frequent and 
regular bursts in secretion (Table 2). LH peak amplitude rarely exceeded 3 ng/ml. As 
characteristic of pulsatile hormone release, peak periods of LH secretion were 
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characterised by an initial rapid rise in circulating levels of LH, followed by a gradual 
decline in circulating levels of LH. Parameters of LH bursts dynamics were determined 
following development of deconvolution parameters. Measures for total, pulsatile, and 
basal LH secretion, approximate entropy (ApEn) and mass per pulse (MPP) in these 
animals are summarised in Table 2. 
Table 2 Validation of the sensitive LH ELISA 
Spike recovery 
LH (ng/ml) Whole Blood Plasma 
0.500 ng/ml 87.87 ± 2.450 86.62 ± 1.220 
0.125 ng/ml 88.30 ± 2.580 88.53 ± 2.600 
0.031 ng/ml 84.93 ± 4.600 86.10 ± 7.290 
 Repeatability Precision  
 LH (ng/ml) CV (%) 
Intra-assay CV 0.250 ± 0.002 6.05 
Inter-assay CV 0.220 ± 0.002 4.29 
Parameters of pulsatile LH secretion following deconvolution analysis 
 means ± SEM (n=8) 
Total LH secretion rate (ng/ml/6h) 13.9 ± 2.26 
Pulsatile LH secretion rate (ng/ml/6 h) 5.86 ± 1.51 
Mass of LH secretion/burst (MPP, ng/ml) 1.76 ± 0.14 
Basal LH secretion rate (ng/ml/6 h) 2.64 ± 0.52 
Number of pulses/ 6 h 3.25 ± 0.59 
Half life (min) 10.4 ± 0.56 
Approximate Entropy (ApEN, 1,0.35) 0.46 ± 0.04 
-  Recovery of LH in whole blood samples was quantified by spking samples with 0.5 
ng/ml, 0.125 ng/ml, and 0.031 ng/ml mLH. 
- The intra- and inter-assay coefficients of variantion (CV) were determined using mouse 
LH standard. 
   -  For measured of pulsatile LH secretion, samples were collected at 10-minute 
intervals between 0700 h and 1300 h. Data are presented as means ± SEM. MPP, mass 
per pulse. 
  
 47 
CHAPTER FOUR:  VALIDATION OF ULTRA-SENSITIVE MOUSE LH ELISA 
4. Validation of Ultra-sensitive Mouse LH ELISA 
4.1 GPR54 KO mice 
Development of a suitable deconvolution analysis strategy depends on the accurate 
identification of non-pulsatile/baseline measures of LH. GPR54 KO mice undergo 
impaired pubertal development in response to failed GnRH induced LH secretion. 
Assessment of LH secretion in these mice confirmed a lack in pulsatile LH release 
(Figure 7). Thus, the detection threshold for optimal deconvolution analysis was 
adjusted relative to baseline measures of LH secretion collected from GPR54 KO 
mice. 
 
Figure 7. Representative examples of measures of pulsatile LH secretion in male mice 
at 10 weeks of age (A), Gpr54 KO mice (B). Panels on the left illustrate circulating 
levels of whole blood mLH over a 6-hour sampling period. Starting at 0700 am, whole 
blood samples were collected at 10-min intervals. Panels on the right illustrate the 
secretion rate of mouse LH following deconvolution analysis, with open circles on the 
X-axis indicating the onset of a pulse in LH secretion. 
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4.2 Repeat assessment of pulsatile mLH secretion from puberty into early adulthood 
 
The pattern of pulsatile LH secretion differs significantly between different age groups 
in male mice (Figure 8). Consequently, the accurate assessment of changes in 
pulsatile LH secretion in mice requires repeat analysis was applied. Repeated blood 
collection and assessment of pulsatile LH secretion were determined in 4 and 16 
weeks of age C57BL/6J male mice. Representative examples of pulsatile LH secretion 
(and resulting output figures following deconvolution analysis) from the same mouse at 
4 (open circles) and 16 weeks of age (closed circles) are illustrated in Figure 8. Output 
values following deconvolution analysis are detailed in Table 3. Compared to 4-week-
old mice, an increase in total LH secretion rate in 16-week-old was observed 
(P=0.034*). While not significant, this occurred alongside an overall rise pulsatile LH 
secretion rate, and was coupled with a significant increase number of secretory events 
(number of pulses, P=0.046*). A decrease in the clearance (increased half-life, 
P=0.006*) and an increase in the regularity (ApEn) of LH release (P=0.033*) were 
observed in 4 weeks and 16 weeks old male mice. Observations demonstrate that the 
clearance of pituitary LH secretion was slowed down when C57BL/6J male mice 
entered their adulthood. This could be due to the factors associated with hypothalamic 
aging and reduction of GnRH secretion. Following pubertal maturation, the regularity of 
pulsatile LH secretion increases, which is correlated with more frequent and regular 
pulsatile LH secretion and contributes to a significant increase in total LH secretion in 
adult male mice. Data indicate that hypothalamic control of LH secretion is more 
established when C57BL/6J male mice entered adulthood stage.  
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Figure 8. Repeated assessment of pulsatile LH secretion in male mice at 4 (open circles) 
and 16 (closed circles) weeks of age. Panels on the left illustrate circulating levels of whole 
blood mouse LH over a 6-hour sampling period. Starting at 0700 am, whole blood samples 
were collected at 10-min intervals. Panels on the right illustrate the secretion rate of mouse 
LH following deconvolution analysis, with open circles on the X-axis indicating the onset of 
a pulse in LH secretion. 
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4.3 Establishment of LH/GH profile in 10 weeks old male C57BL/6J mice 
 
Previous data has demonstrated the significant changes of LH secretion during pubertal 
maturation. GH is a peptide hormone, which is secreted from pituitary cells protein. GH is 
secreted by hypothalamic growth hormone releasing hormone (GHRH) and growth hormone 
inhibiting hormone (somatostatin) neuron, but also correlated with sex, age and the 
circadian rhythm, sleep.  Growth hormone is the main physiological functions, which 
promote growth outside of nerve tissue, anabolism and protein synthesis. Serum growth 
hormone determines the contribution to gigantism, acromegaly. Delayed pubertal onset was 
found in growth hormone deficient patients. Studies have shown that growth hormone may 
affect ovarian storage function. To undercover these two complicated metabolism profile, 
the pulsatile GH and LH secretion were collected in 10-week-old C57BL/6J male mice from 
0700 hour to 1250 hour (Figure 9). 4 µl of tailed blood were collected from the tail tip of 10-
week-old male mice. Data demonstrate the onset of pulsatile GH secretion occurred around 
0830 hour to 1030 hour. However, the pulsatile LH secretion pattern varied significantly in 
different C57BL/6J male mice at 10 weeks of age. This observation is in accordance to the 
pattern of pulsatile LH secretion obtained in Figure 9. As no significant correlation was 
observed between the onset of GH pulse and LH pulse in these animals, deconvolution 
analysis did not performe in this study.  
Table 3. Deconvolution and Approximate Entropy analysis parameters of pulsatile luteinizing 
hormone (LH) secretion from the same male C57BL/6J mice at 4 and 16 weeks of age. 
 4 Wks Old (n=8) 16 Wks Old (n=8) P value 
Total LH secretion rate 
(ng/ml/6h) 
12.76 ± 2.200 22.35 ± 3.330 0.034* 
Pulsatile LH secretion rate 
(ng/ml/6h) 
4.709 ± 0.657 8.374 ± 1.694 0.078 
Mass of LH secreted/burst 
(MPP, ng/ml) 
1.841 ± 0.289 2.010 ± 0.233 0.704 
Basal LH secretion rate 
(ng/ml/6h) 
3.130 ± 0.660 4.145 ± 0.650 0.322 
Number of pulses/6 h 2.250 ± 0.313 4.250 ± 0.861 0.046* 
Half life 
(min) 
9.245 ± 0.749 11.88 ± 0.668 0.006* 
Approximate Entropy 
(1, 0.35) 
0.347 ± 0.032 0.481 ± 0.047 0.033* 
Samples were collected at 10-minute intervals between 0700 h and 1300 h. 
Data are presented as means ± SEM, *P<0.05 was considered significant MPP, 
mass per pulse. 
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Figure 9. Representative figure of repeat assessment of pulsatile LH (open circles) and GH 
(closed circles) secretion in male mice at 10 weeks of age. Starting at 0700 am, whole blood 
samples were collected at 10-min intervals during 6-hour of sampling period.  
 
4.4 Assessment of pulsatile LH/GH secretion in postpubertal female mice relative to the 
estrous cycle  
 
Representative results of pulsatile LH and GH secretion in female mice at 10 weeks of age 
are illustrated in Figure 10. As above, data demonstrate a dramatic increase in LH secretion 
during proestrus day (preovulatory surge). As compared to proestrus, circulating LH level 
was significantly lower at estrus, metestrus and diestrus. By comparison, the pattern of 
pulsatile GH secretion was irregular with elevated baseline GH secretion during estrus, 
metestrus and diestrus. As compared to estrus, metestrus and diestrus, a slightly increased 
circulating GH secretion was observed at proestrus. This suggests that some mechanistic 
actions may enhance GHRH neuronal activity and suppress the SRIF secretion during 
ovulation. To obtain more accurate analysis of these data, the values of pulsatile LH 
secretion at different stages will be sent to deconvolution analysis.  
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Figure 10. Representative figures of repeat assessment of pulsatile LH (open circles) and 
GH (closed circles) secretion in female male mice during estrous cycle at 10 weeks of age 
(postpuberty). Starting at 1300 pm, whole blood samples were collected at 10-min 
intervals during 6-hour sampling period.  
 
4.5 Establishment of LH/GH profiles in GPR54 KO and GPR54 WT mice 
 
Representative measures of pulsatile LH and GH secretion in GPR54KO and GPR54WT 
mice at 8 weeks of age and 32 weeks of age are demonstrated in Figure 11. All values of 
pulsatile LH and GH secretion in GPR54KO and GPR54WT mice were sent to 
deconvolution analysis. Deletion of GPR54 results in the hypogonadotropic hypogonadism 
in GPR54KO mice, thus, no circulating LH was detected among age groups as expected. 
Pulsatile GH secretion in GPR54WT mice was higher and more regular in comparison to 
GPR54KO mice at pubertal and late adulthood. The decline of pulsatile GH secretion was 
observed throughout the late adulthood in both GPR54KO and GPR54WT mice. 
Moreover, the pattern of pulsatile GH secretion in GPR54KO mice at 8 weeks of age is 
similar to the pattern of prepubertal mice obtained in our laboratory. Data suggests that the 
deletion of GPR54 may impact the maturation of the pulsatile profile of GH secretion. As 
pulsatile GH secretion is modulated by GHRH and SRIF secretion, the interactions of 
GHRH and kisspeptin neurons will be further studied as described above.  
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Figure 11. Representative examples of measures of pulsatile LH and GH secretion in 
GPR54 WT (closed circles) and GPR54 KO mice (open circles). Panels on the top 
illustrate circulating levels of whole blood GH over a 6-hour sampling period in 8 and 32 
week-old mice. Panels on the bottom illustrate the circulating levels of whole blood LH 
over a 6-hour sampling period at 8 and 32-week-old. Starting at 0700 am, whole blood 
samples were collected at 10-min intervals during 6-hour sampling period. 
 
4.6 Assessment of pulsatile LH release in Gpr54 knockout mice 
Mutations in the Gpr54 gene in humans result in impaired or absent LH secretion. 
Accordingly, to further validate the LH pulse detection method, we assessed pulsatile LH 
secretion in 32-week-old male Gpr54 knockout mice. Observations were matched to 
those for age-matched wild-type littermates. Acclimation, handling, and sampling 
procedures were performed as detailed. 
4.7 Deconvolution and approximate entropy analysis 
Mouse LH concentration time series were analyzed using an automated deconvolution 
method, which was empirically validated using hypothalamo-pituitary sampling and 
simulated pulsatile time series. Sensitivity and specificity were 93%. The MATLAB-based 
algorithm first detrends the data and normalizes concentrations to the unit interval. 
Second, the program creates multiple successively decremental potential pulse-time 
sets, each containing one fewer burst by a smoothing process (a nonlinear adaptation of 
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the heat-diffusion equation). Third, a maximum likelihood expectation estimation method 
calculates all secretion and elimination parameters simultaneously, conditional on each 
of the candidate pulse-time sets. Deconvolution parameters comprised basal secretion 
(0), secretory-burst mass (0,1), random effects on burst mass (A), 
procedural/measurement error, and a 3-parameter flexible gamma secretory-burst 
waveform (1, 2, 3). The fast half-life of LH in mice was represented as 1 minute, 
constituting 63% of the decay amplitude, and the slow half-life was estimated from 
individual data series. Based on a false-positive rate of 5%, minimal LH concentration 
thresholds were 16.4% (twice the coefficient of variation [CV] of 120 assay replicates) 
and 0.126 ng/L (3 times the median SD determined from 10-minute LH profiles sampled 
in Gpr54 knockout mice). Statistical model selection was performed to distinguish among 
the independently framed fits of the individual candidate pulse-time sets using the Akaike 
information criterion. The parameters (and units) were basal and pulsatile secretion rates 
(concentration units per session), mass secreted per burst (concentration units), and 
waveform mode (time delay to maximal secretion after objectively estimated burst onset, 
minutes). The orderliness of regularity of serial LH serum concentrations was calculated 
by approximate entropy analysis, following established methodology. 
4.8 Repeat assessment of pulsatile LH secretion from prepubertal to early adult male 
mice 
 
Attainment of reproductive maturation correlates with altered pulsatile LH release. To 
further validate the method for pulsatile LH secretion, we determined pulsatile LH release 
from the same mouse before and after sexual maturation. C57BL/6J mice achieve 
reproductive competency at approximately 6 weeks of age. Accordingly, we determined 
LH secretion from the same male C57BL/6J mice at 4 and 16 weeks of age (n=8). All 
procedures were performed as detailed in experiment 1. For 4-week-old mice, collection 
volume per sample was restricted to 2 µl (diluted into 58 µl of PBS-T). Accordingly, blood 
loss at all ages was restricted to less than 7% of total blood volume per animal. 
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CHAPTER FIVE: PUBERTAL MATURATION IN FEMALE MICE 
5. Pubertal maturation in female mice 
5.1 Introduction 
The pubertal development from childhood to adulthood heralds both gonadal and 
behavioral maturation. A developmental clock, along with signals that provide 
information on somatic growth, energy balance and season, time the awakening of 
gonadotropin releasing hormone (GnRH) neurons at the onset of puberty. Specifically, 
the activation of gonadotropin releasing hormone (GnRH) neurons and the resulting 
activation of controlled luteinizing hormone (LH) release. In turn, the change in LH 
pulsatility will dictate gonadal function. Owing to its short reproductive cycle and rapid 
reproduction rate, the transgenic mouse is a commonly used model to assess 
reproductive development. To date, the mouse as a model to study functional aspects 
of LH release is limited, primarily due to an inability to accurately detect pulsatile LH 
release. In part, this contributes to difficulties in assessment of GnRH neuronal activity 
(by proxy of LH release).  
5.2 Materials and Methods 
5.2.1 Assessing the reproductive stage in female mice 
The female mice were lifted by the base of the tail with the dominant hand and grasped 
the loose skin at the nape of the neck with the opposite hand by thumb and forefinger.  
The mice were inverted and restrained by placing the tail between the fourth and fifth 
fingers. The vaginal secretion was collected after vaginal cavicity opened at 
approximately 5 weeks of age in mice. The vaginal fluid was collected by a stainless 
steel loop containing 0.9% (v/v) saline, placed on a labeled glass slide and stained by 
0.05% (w/v) toluidine blue for further analysis. 
5.2.2 Assessment of pulsatile LH secretion relative to estrous cycle 
At approximately 5 weeks of age, pulsatile LH secretion was assessed as described 
previously [20]. 36 sequential tail tip blood samples (2 µl /sample) were collected at 10-
min intervals over a 6-h sampling period. Sampling commenced from 1400 h to 2000 
h. Given an approximate total blood volume of 2.1 ml/mouse (based on an estimated 
7% (v/v) blood volume relative to body mass, NHMRC (2008)), blood loss was 
restricted to less than 5.5% of total blood volume over the 6-h sampling period. The 
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Following collection, vaginal secretion in mice was collected at 2015 h and continued 
collecting daily at 1500 h. The samples were immediately placed on dry ice and 
transferred to -80 °C. The reproductive stage/cycle in regards to individual mice was 
assessed from 5 weeks to 10 weeks of age in female mice following the method 
described previously. Moreover, it is well known that the Whitten effect occurs when 
male pheromones stimulate synchronous estrus in a female population. Therefore, the 
bedding from male C57BL/6J mice cage was placed in all female mice cage to 
synchronise the female cycle.  
5.3 Results 
5.3.1 Comparison of LH secretion in 5 weeks and 10 weeks old female mice during 
oestrous cycle 
The study of neuroendocrine system is highly relative to the interaction between 
oestrogen and LH [187-190]. The pattern of GnRH release from the hypothalamus is 
believed to determine the frequency of pulsatile LH secretion, the timing of the 
preovulatory LH surge [191]. Therefore, the study of the patterns of LH secretion will 
provide insights into the patterns of GnRH release and the interaction with pituitary, 
steroid hormone, which further controls the ovarian function. Using the established LH 
ELISA, the LH profile in 10 weeks old female mice was measured in relative to 
oestrous cycle.  
Data demonstrated a significant elevation of total LH from estrus to diestrus in 10 
weeks old female mice. As total LH is contributed by the basal and pulsatile LH 
secretion, a gradually increase of number of pulses, basal and pulsatile LH secretion 
were also observed from estrus to diestrus in 10 weeks old female mice.  Data 
demonstrated increased pulse frequency of LH prior to preovulatory LH surge and a 
massive increase of preovulatory LH surge at proestrous in these mice. No or low 
pulse number and amplitude of LH secretion was observed at estrus in 10 weeks old 
female mice. 
As mentioned previously, follicular growth highly requires the secretion of steroids, 
especially oestrogen. Oestrogen is critical for the growth of granulosa cells and 
acquisition of LH receptors (LH-R) on the theca cells [192] during late follicular phase 
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(diestrus). Thus, increase of pulsatile LH secretion was observed during diestrus. A 
marked drop in oestrogen during diestrus triggers the preovulatory LH surge and 
ovulation. A massive increase of preovulatory LH surge at proestrous has been shown 
in 10 weeks old female mice. After ovulation or proestrous, high levels of progesterone 
produced by a functional corpus luteum (CL) during estrus and suppress LH pulse 
frequency. After all these events, LH pulse frequency is suppressed and the 
gonadotropin-dependent dominant follicle undergoes atresia, secreting less oestrogen 
so that FSH concentration can increase and start a new estrous cycle.  Therefore, low 
level of LH secretion was detected at estrus in these animals. 
Representative LH secretion profiles and output figures illustrating the LH pulses in 10 
weeks old female mice at different reproductive stages including the transition periods 
during estrous cycle (Figure 12). Observations demonstrated that there are significant 
changes in the pattern of LH release throughout the estrous cycle. Pulse number 
increased significantly from estrus (0.500 ± 0.3101) to diestrus (7.222 ± 0.9095, 
P<0.0001).  The regularity of LH pulses increased dramatically from the transition 
period between estrus to metestrus (0.7243 ± 0.0678) to diestrus (1.083 ± 0.0496, 
P<0.0001). This coincides with a significant rise in basal LH release from estrus 
(0.1226 ± 0.0380) to diestrus (12.55 ± 4.391, P<0.0001). No change was observed in 
the mass of LH secreted per burst across estrous cycle in animals.  
 
The study of onset of puberty in female mice allows us to understand the onset of 
ovarian maturation and reproductive function in mice. The female mice were previously 
imported in AIBN animal house at 4 weeks of age. Vaginal opening in these female 
mice were monitored everyday between 28 days to 35 days of age. Once the vagina 
opened, the tail blood was collected every 10 minutes during 6 hours of period from 
13:00 pm to 19:00 pm in these female mice. Our data suggested the first preovulatory 
surge occurred in 5 weeks old female mice. An increase of regularity in LH pulses was 
found in 10 weeks old female mice. However, a lightly increase but no significant 
difference in total, pulsatile, basal, mass per burst, number of pulses were found in 10 
weeks old female mice during estrous cycle. These findings suggested that 
mechanisms that drive the sexual maturation and the development of ovarian function 
and the stimulation of GnRH neuron activity are more well establish and much stable 
when mice enter late pubertal stage. Also, it suggested the onset of puberty in mice 
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starts at 5 weeks of age, which means around mice has a full capacity to reproduce at 
28 days and 35 days of age. Interestingly, the neuronal mechanisms that drive the 
alteration of LH secretion between early pubertal to late pubertal stage are still 
uncovered. It is well known that GnRH is the primary messenger involved in sexual 
maturation and the onset of puberty. During the onset of puberty, a low activity of 
GnRH neurons was observed. Adult pattern of secretion with phasic and synchronous 
activation of GnRH neurons resulting in an increase in the amplitude and frequency of 
GnRH pulses [193]. Kisspeptin neuron is known as the gatekeeper of reproductive 
development, which activates GnRH neurons and stimulates LH production. Overall 
expression of Kiss1 mRNA in the hypothalamus (the arcuate nucleus (ARC) and the 
anteroventral periventricular nucleus (AVPV)) is significantly increased during puberty 
in female rats [168]. In the ARC, Kiss1 mRNA levels in female rats at postnatal day 26 
are over 4-fold higher than those at postnatal day 21 [169].  This significant change of 
numbers of kisspeptin neurons contributes to the alteration of GnRH neuronal activity 
and the development of first ovulatory surge. It is also known that hypothalamic levels 
of Kiss1 and Gpr54 mRNA increase dramatically at puberty [168], suggesting that 
kisspeptin signaling could mediate the neuroendocrine events that trigger the onset of 
puberty. Collectively, Kisspeptin-Gpr54 signalling pathway in the brain serves as an 
important role for controlling GnRH secretion during puberty may contribute to the 
increase of LH secretion from pubertal to late pubertal female mice.  
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Figure 13. Representative figures of repeat assessment of pulsatile LH secretion in 
female mice at 5 weeks of age (yellow closed cycle) and 10 weeks of age (orange 
closed cycle) during estrous cycle. Starting at 1300 pm, whole blood samples were 
collected at 10-min intervals.   
Representative LH secretion profiles and output figures illustrate the LH pulses in age-
related changes in female mice during the first ovulatory cycle (5 weeks of age) and in 
the same adult mice at 10 weeks of age (Figure 12). As LH release vary significantly 
relative to the estrous cycle, measures were not collected prior to pubertal 
development, as these pulse profiles cannot be matched to cycle specific stages. 
Observations demonstrate no significant changes of pulsatile LH release at estrus and 
metestrus between 5 weeks and 10 weeks of age. A significant reduction in LH pulse 
regularity and an increase in basal LH secretion were observed specific to ageing 
diestrus females. Of Interest, the preovulatory surge has been established by 5 weeks 
of age in female mice, and only slightly varied in the timing of onset when compared to 
10 weeks old mice. This is in agreement with the attainment of full reproductive 
capacity seen in 5 weeks old female mice.  
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Figure 14. Deconvolution analysis result of 5 weeks of age C57BL/6J female mice. 
Results are presented as means ± S.E.M. (n=3-6).  Analyzed by two-way ANOVA, 
P<0.0001, E: Estrus; M: Metestrus; D: Diestrus; P: Proestrus.  
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Figure 15. Deconvolution analysis result of 5 weeks of age C57BL/6J female mice. 
Results are presented as means ± S.E.M. (n=3-6).  Analyzed by two-way ANOVA, 
P<0.0001, E: Estrus; E/M: Estrus/Metestrus; M: Metestrus; M/D: Metestrus/Diestrus; D: 
Diestrus; P: Proestrus. 
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CHAPTER SIX: FOLLICLE QUANTIFICATION IN MICE DURING FIRST AND ADULT 
OVULATORY CYCLE 
6. Follicle quantification in mice during first and adult ovulatory cycle 
6.1 Introduction 
 
The maturation and age on LH patterning reflects reproductive capacity. The study of 
the first mouse ovulatory cycle and adult ovulatory cycle have characterized the key 
factor that initiates the onset of reproductive capacity in mice.  To date, no study has 
been done in the comparison of follicle numbers in young and adult mammals. Several 
studies have been done in the characerization of ovarian follicular wave dynamics in 
women. In this study, we aimed to assess the role of luteinizing hormone in ovarian 
follicle development in C57BL/6J female mice during two age groups. If the mice 
entered 70-81 days of age, the number of follicles will start decreasing dramatically as 
compared to 23-30 days of age. However, the number of corpus luteum as a product 
from the ruptured follicle will start increasing as compared to that of in the young mice.  
6.2 Materials and Methods 
23-30 days old and 70-81 days old ovaries were collected from 1700 h to 1900 h in 
C57BL/6J female mice (Figure 16).  
 
Figure 16.  Method of counting follicles in the female mice and folliclular classification. 
A) Find the most central section of ovarian histology using the ruler provided in the 
program of Imagescope. B) Follicles were counted from the most central section and 
the next six serial sections apart from it. C) Primary follicle was catergoized by 
predominantly cuboidal granulosa cells surrounded with an oocyte. D) Secondary 
follicle was surrounded by more than one layer of cuboildal granulosa cells with no 
visible antrum inside the follicle. E) Early antral follicle has emerging antral spaces. F) 
Preovulatory follicle was the lagertest of the follicle types (approximately 550 µm) and 
possessed a detinde cumulus granulosa cells layer. G) Corpus luteum was defined a 
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small, transient endocrine gland fromed following ovulation from the secretory cells of 
the ovarian follicles. H) Regressing corpus luteum was the result from apopotosis in 
corpus luteum in mice. 
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6.3 Results 
 
A significant decline in the number of primary, secondary, early antral, late antral and 
preovulatory follicles were observed at metestrus, diestrus and proestrus in adult 
female mice (Figure 17). The existing and increase number of corpus luteum was 
observed in adult female mice only during the estrous cycle. No corpus luteum has 
been detected in the first ovulatory female mice (Figure 17). A significant increase of 
secondary and early antral follicles has been observed in proestrus and diestrus young 
female mice, respectively (Figure 17). The data also indicated that a dramatic gradual 
increase of preovulatory follicles during diestrus and proestrus have been found in 
adult female mice. This was cooperated with a gradual decrease of ruptured follicle 
during metestrus diestrus and proestrus (Figure 17). No significant difference has been 
found in regards to the size of all various types of follicles and ovary in young and adult 
female mice.  
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Figure 17. Quantification of follicle number in 5 weeks old C57BL/6J female mice 
during estrous cycle. Results are presented as means± S.E.M. (n=3-6).   
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Figure 18. Quantification of follicle number in 10 weeks old C57BL/6J female mice 
during estrous cycle. Results are presented as means ± S.E.M. (n=3-6).   
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Figure 19. Comparison of follicle number in 5 weeks and 10 weeks old C57BL/6J 
female mice during estrous cycle. Results are presented as means ± S.E.M. (n=6).   
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CHAPTER SEVEN: GENERAL DISCUSSION AND CONCLUSIONS 
 
It is of interest, to find out the secretory pattern of LH pulsatile secretion by GnRH 
neuronal stimulation occurs in different gender of mice during early adulthood stage. 
LH release in the female mice varies considerably relative to the estrous cycle, which 
does not exist in male reproductive system. As both reproductive systems are under 
different physiological pressures, it is not conclusive to make any comparison between 
male and female system as male physiology is not characterized by a period of 
sustained elevated LH release as is observed during the preovulatory LH surge in 
female mice.  
 
Accordingly, comparisons will be limited to the early and late luteal phases (estrus and 
metestrus, respectively), and the early follicular phase (diestrus). As detailed above, 
LH release in estrus is characterized by the near complete cessation of pulsatility. 
Therefore it is not surprising that, compared to males, significant reduction in total, 
pulsatile and mean peak per pulse of LH release were observed, as well as pulse 
number in estrus female mice. The progression of the estrous cycle is characterized by 
a progressive increase in pulse number and frequency of LH secretion. This is further 
characterized by a reduction in interpeak interval of LH pulses during estrous in 10 
weeks old female mice as compared to male mice.  
 
These observations suggested that the neurons drive reproductive system in female 
and male during puberty play different role. It is well known that kisspeptin neurons 
drive the development of puberty. As described earlier, kisspeptin neurons are 
localized in the ARC and AVPV in rodents and other species. Kisspeptin neurons in 
the ARC plays an important role of the hypothalamic control of pulsatile LH secretion in 
all species, while kisspeptin neurons in the AVPV of rodents are critical for surge 
secretion of GnRH and LH, and therefore for ovulation [194]. It was found AVPV 
kisspeptin neurons innervating GnRH neurons are more numerous in females than 
males [161]. This suggested kisspeptin plays an important role in sexual dimorphism in 
rats. Kisspeptin-10 was able to evoke significant LH responses not only in adult males, 
but also in cyclic female rats at different stages of the estrous cycle [195]. As 
compared to our data, it is highly likely the differences of pulsatile LH secretion in 
female and male mice are due to the different expression of Kisspeptin neuron in the 
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brain. Given the capacity to assess pulsatile LH and GH secretion from a single 
sample, observations to characterise the release of LH in the cycling female will be 
extended to assess pulsatile measures of GH in mice. The aim of study both LH and 
GH secretion in female mice would provide information of how the relationship 
between reproductive system and human growth during pubertal maturation. This is of 
critical importance, given that pulsatile measures of GH secretion in female mice do 
not exist. To accurately assess pulsatile GH and LH secretion in females, it is 
necessary to first monitor the progression of the four-day ovarian cycle, thereby 
allowing assessment of hormone profile relative to ovarian cycle progression. Similar 
to the establishment of LH and GH profile in WT male mice, observations in female 
mice will be performed at two different stages of development. Pulse measures will be 
collected at 5 weeks of age (puberty) and 10 weeks of age (early adulthood).  
Confirmation of assessment of pulsatile LH secretion in female mice will be assessed 
at 5 weeks of age, and subsequent parallel investigation of pulsatile LH and GH 
secretion at 10 weeks of age. Briefly, blood samples were collected using an 
established method. GH and LH assays were performed as described. 
 
Previous studies have shown that pulsatile gonadotropin secretion and sex-steroid 
concentrations are suppressed reversibly in young fasted or malnourished human 
subjects. The impact of age on the dynamic neuroendocrine mechanisms underlying 
this stress response in healthy young female mice. The estrous cycle was monitored in 
wild type (C57BL/6J) female mice starting at 5 weeks of age till the date of pulse bleed. 
All female mice were sacrificed the next day morning at 9 am. The ovaries, brain, and 
pituitary gland were perfused and collected for immunohistochemistry. The oestrogen 
level was measured as described previously. Using these endpoints, parameters of LH 
and GH secretion were matched to estrous stage. Previously our lab has established 
the method to measure pulsatile GH secretion in mice [19], therefore, I measured the 
GH pulse profile in 10 weeks old female and male mice. Data suggested that total GH 
secretion increases significantly in 10 weeks old female mice at proestrous stage as 
compared to estrus, metestrus and diestrus. It was reported that oestrogen modulated 
GH secretion by oestrogen receptor α and β. The oestrogen level was measured in 
female plasma samples, which collected from these 10 weeks old female mice. As 
pulsatile GH secretion is modulated by GHRH and SRIF secretion, observations of the 
pulsatile release of GH will be complemented by assessment of specific gene markers 
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for altered somatic function. These include hypothalamic expression SRIF, GHRH 
mRNA. The micro-punch technique was employed to quantify the gene expression 
level of SRIF and GHRH in female mice brain at reproductive cycle. In vivo study also 
suggests that kisspeptin injection to culture create an increase of GH secretion. Data 
showed a massive increase of GH secretion during preovulatory LH surge, which 
suggest the neuroendocrine system, may drive the preovulatory surge and ovulation 
also, related to the pubertal growth. The neurons, which associated with GH and LH 
release, could be the main factors that drive the changes of this release. However, no 
significant difference were found the RT-PCR result which measures the GnRH, 
GHRH, SRIF neuron levels during estrous cycle at 5 weeks and 10 weeks old female 
mice, did not show significant different among age groups and neurons.  
 
Kisspeptin seems to modulate both sexual maturation and pubertal growth. Thus it is 
interesting to measure the pulsatile GH secretion in Kisspeptin knockout mice and 
study the mechanisms between Kisspeptin and GH secretion. LH secretion is the 
reflection of GnRH neurons signaling pathway, which is driven, by kisspeptin neuron. 
The defined changes in GH secretion during estrous cycle suggested that kisspeptin 
neuron might modulate GH secretion via direct effects at the level of pituitary 
somatotroph. However, in vivo assessment of the role of kisspeptin in modulating the 
pattern of GH secretion does not exist. Consequently, it remains unknown whether 
alterations to kisspeptin signaling directly contribute to alterations in the pattern of GH 
secretion. Therefore, pulsatile LH and GH secretion in GPR54KO and aged matched 
mice were characterized. The data we collected from GPR54WT and GPR54KO mice 
at 8 weeks and 32 weeks of age also support this hypothesis. We collected the LH/GH 
pulses from GPR54WT/KO mice at 8 weeks and 32 weeks of age. Deletion of GPR54 
results in the hypogonadotropic hypogonadism in GPR54KO mice, thus, no circulating 
LH was detected among age groups as expected. Pulsatile GH secretion in GPR54WT 
mice was higher and more regular in comparison to GPR54KO mice at pubertal and 
late adulthood stage. The decline of pulsatile GH secretion was observed throughout 
the late adulthood in both GPR54KO and GPR54WT mice. Moreover, the pattern of 
pulsatile GH secretion in GPR54 KO mice at 8 weeks of age is similar to the pattern of 
prepubertal mice obtained in our laboratory.  
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This suggests that the deletion of Gpr54 may impact the maturation of the pulsatile 
profile of GH secretion. These measures provided essential information to assess the 
impact of defective kisspeptin signaling on pulsatile LH and GH secretion. Upon 
confirmation that deletion of kisspeptin impacts the pattern of GH secretion, the 
potential direct effects of kisspeptin on hypothalamic GHRH cell function will be 
assessed. To address this, the gene expression of GHRH neurons and SRIF neurons 
were analysed express the receptor for kissspeptin (Gpr54). Given that reliable 
antibodies for Gpr54 does not exist, observations can be collected through in situ 
hybridization assessment of co-expression of kisspeptin mRNA with GHRH mRNA. 
Observations will provide essential information to establish potential direct effects of 
kisspeptin mediated GHRH function. Also, to assess GHRH neuronal activity from 
GHRH-GFP mice following administration of Kisspeptin and GnRH. Futhermore, 
electrophysiological measures can be restricted to evoked changes in neuronal firing. 
The GHRH neurons can be measured by administration of Kisspeptin agonist and 
antagonist to establish potential direct effects of kisspeptin mediated GHRH activity. 
Assessing pulsatile GH secretion in adult male mice following prepubertal and 
postpubertal gonadectomy, and following prepubertal and postpubertal gonadectomy 
coupled with postpubertal replacement of testosterone. Pulsatile GH measures can be 
assessed in adult male mice following prepubertal and postpubertal gonadectomy. 
Postpubertal replacement of testosterone will be performed in adult mice after 
prepubertal and postpubertal gonadectomy. All these measures can be restricted to 
male mice. Gonadectomy could be performed at 4 weeks of age or 10 weeks of age. 
These ages reflect a stage of development preceding and following pubertal 
maturation of pulsatile GH release, respectively. A second cohort of prepubertal and 
postpubertal gonadectomised animals will receive replacement steroid treatment. 
Measures of pulsatile GH release will be assessed from all GDX mice at 14 weeks of 
age. Observations will directly address the role of testosterone in initiating pubertal 
changes in the pattern of GH secretion. The decrease amount of follicle in adult female 
mice during estrous cycle may due to the age associate dwindling in female fertility 
attributed to the loss of follicles from the ovary. It may also associate with a decline in 
ovarian inhibin B production by granulosa cells of a few healthy antral follicles in the 
ovary. Ovulation is the process when ruptured follicle degraded into corpus abilian and 
then further form corpus luteum. Therefore, numbers of corpus luteum have been 
observed in adult ovulatory cycle. The study of nuclear maturation may contribute to 
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the understanding of ovarian ageing. The technique, which promotes the anti-ageing 
gene, could essentially help people remaining young.  
To summarize findings from current observations, we have: 
1. Confirmed and assessed changes in pulsatile LH secretion throughout 
prepubertal and adulthood in WT male mice 
2. Confirmed that alterations in pulsatile LH and GH secretion throughout 
prepubertal and adulthood in WT female mice in relative to reproductive cycle. 
3. Confirmed the deletion of Gpr54 results in the hypogonadotropic hypogonadism 
in Gpr54KO mice, thus, no circulating LH was detected among age groups as 
expected. 
4.        Confirmed the deletion of Gpr54 may impact the maturation of the pulsatile 
profile of GH secretion.  
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